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Abstract 
In this thesis, Metal-Assisted Chemical Etching (MacEtch) as a wet anisotropic etching 
technique which is very promising in fabricating high aspect ratio semiconductor 
nanostructures with less surface damage is introduced in terms of etching mechanism, 
effect of different etching parameters as well as detailed fabrication process. GaAs 
nanopillar LED fabricated by MacEtch exhibits better light extraction due to the large 
surface area of nanopillars and multiple scattering interactions. A novel structure is 
fabricated via a MacEtch process by which it is feasible to effectively “bury” patterned 
metal film into the semiconductor material. The resulting structures can be fabricated with 
subwavelength, nanoscale pitch and feature size, and with etch depths equal to or greater 
than the grating pitch. The buried extraordinary optical transmission (B-EOT) gratings are 
modeled using three-dimensional (3D) rigorous coupled wave analysis (RCWA) and 
characterized experimentally by angle-dependent Fourier transform infrared (FTIR) 
transmission spectroscopy with good agreement between the theoretical predictions and 
experimental results. B-EOT structures not only show significantly enhanced peak 
transmission when normalized to the open area of the metal film, but more importantly, 
peak transmission greater than that observed from the bare semiconductor surface. In a 
sense, the B-EOT structure combines the benefits of both moth-eye anti-reflection coatings 
and EOT-inspired spectral selectivity.  
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Chapter 1 Introduction 
1.1 Semiconductor Nanostructures 
Semiconductor nanostructures with high aspect ratio, such as nanopillars and nanovias, 
have attracted intensive research interest in recent years [1]. The large surface-area-to-
volume ratio as well as the confinement of photons and electrons in these nanostructures 
make them promising building blocks for optoelectronic devices [ 2 , 3 ], field effect 
transistors (FETs) [4], biosensors [5, 6], energy conversion and energy storage devices [7, 
8].  
Both top-down and bottom-up methods have been developed to form high aspect ratio 
nanostructures. For top-down methods, dry etching techniques including reactive ion 
etching (RIE), inductively coupled plasma-RIE (ICP-RIE), and chemical assisted ion beam 
etching (CAIBE) on patterned substrates are commonly used [9]. However, dry etching 
processes have several limitations that impede the quality of the nanostructures. First of all, 
the achievable etching depth of dry etching is limited by the bottling effect [9]. Secondly, 
the etching rate of dry etching is dependent on the aspect ratio of the etching profile. 
Therefore, as the etching depth increases, the etching rate decreases significantly [10]. Dry 
etching may also result in rough sidewalls of the etched nanostructures (e.g., scalloping 
effect in the time multiplexing Bosch process) [10]. Furthermore, dry etching introduces 
ion-beam-induced damage or plasma-induced charging damage to the sidewalls of the 
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nanostructures. Such damage increases surface state density dramatically and results in 
significant nonradiative recombination and degradation of carrier mobility [9, 11]. 
III-V semiconductor materials and alloys are of great interests for optoelectronic 
applications. For high aspect ratio III-V nanostructures whose surface-area-to-volume ratio 
is large, surface states need to be suppressed to minimize non-radiative recombination.  
However, unlike surface damage of silicon, for compound semiconductors, surface damage 
cannot be repaired completely by thermal annealing mainly due to the difficulty of 
maintaining stoichiometry [12]. Thus, a new fabrication technology that can reduce surface 
states is highly desired for the implementation of III-V semiconductor nanostructures in 
their potential applications. 
1.2 Metal-Assisted Chemical Etching 
A recently developed, wet but anisotropic etching technique, metal-assisted chemical 
etching (MacEtch), has been applied to fabricate high aspect ratio semiconductor 
nanostructures [7]. As a wet etching process without high energy ions involved, MacEtch 
relieves the lattice damage as mentioned for dry etching process [11]. MacEtch also offers 
other advantages such as avoiding the use of hazardous gases and eliminating the etching 
depth limitations for features with small lateral dimensions [11]. Therefore, the MacEtch 
process with less surface damage becomes more favorable as a simple, low-cost, and 
controllable method in fabricating III-V semiconductor nanostructures for optoelectronic 
applications. 
MacEtch was first developed by Li et al. in 2000 to produce porous Si [13]. Since then Si 
nanostructures with high aspect ratio fabricated by MacEtch have been demonstrated by 
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several groups [9]. The mechanism of MacEtch can be illustrated by taking Si MacEtch as 
an example. For Si MacEtch, a patterned thin film of noble metal (e.g., Au, Ag, and Pt) is 
deposited on the Si substrate. Then the metal-coated Si is submerged into an etching 
solution containing an oxidant (e.g. H2O2) and an acid (e.g. HF) [11]. The etching rate of 
the Si underneath the noble metal is much faster than that of the Si without metal coverage 
[14]. Therefore, the noble metal sinks into the Si substrate producing a high aspect ratio 
structure without net consumption of the noble metal. The pattern of the noble metal thus 
can be engraved into the Si substrate to produce nanostructures [9]. 
 
Figure 1.1 (a) Scheme of the electrochemical potential relationship between Si, GaAs and various 
oxidants [14]. (b) Schematic band diagram for a Si-Au junction (Φm > Φs). 
As shown in Figure 1.1(a), the electrochemical potential of H2O2 is much more positive 
than the valence band of Si [15]. Therefore, regardless of the doping type and doping level 
of Si, from the energy point of view, H2O2 can inject holes into the valence band of Si. 
Thus, a Si substrate should be etched when subjected to HF/ H2O2 solution [14]. At the 
cathode, the oxidant is reduced. 
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  2 2 22 2 2H O H H O h
     (1.1) 
At the anode, Si is oxidized and dissolved by HF.  
 2 64 6 4Si h HF H SiF H
       (1.2) 
Although the H2O2/HF solution does etch Si, the etching rate is very slow (~10 nm/hr) [14]. 
For MacEtch, the H2O2 concentration is much lower so that the hole concentration at the 
Si surface is not high enough. Thus, in MacEtch, the etching of Si without noble metal 
coverage is negligible. 
 
Figure 1.2 Schematic diagram of the Si MacEtch process in HF/H2O2 solution diluted by DI water. 
The MacEtch process can be illustrated in Figure 1.2. In the presence of noble metal on top 
of the Si surface, if the metal work function is larger than that of Si, band bending occurs 
as shown in Figure 1.1(b). As a consequence, the band bending gives rise to the 
accumulation of holes (h+) at the Si surface. So the metal film becomes negatively charged 
and catalyzes the reduction of the oxidant as described by the cathode reaction (1.1) which 
occurs at the Au/solution interface [16]. The generated holes in the cathode reaction are 
injected into Si in contact with the noble metal such that Si is oxidized and dissolved by 
HF as described in the anode reaction (1.2) at the Si/solution interface [9]. By controlling 
the reaction rate of reaction (1.1) and (1.2), MacEtch reaction occurs only at the interface 
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between Si and the metal film. Thereafter, the metal film descends into Si, acting as a 
negative resist etch mask [9]. 
The mechanism of Si MacEtch also applies to III-V MacEtch. In 2011, Dejarld et al. 
demonstrated the formation of periodic high aspect ratio III–V nanostructures by MacEtch 
for the first time [12]. Since H2O2 has been shown to etch GaAs in either acidic or base 
solution without the presence of noble metal, a weaker oxidant, KMnO4 is selected to 
achieve selective etching. N-type doped GaAs nanopillars were formed in KMnO4/HF 
solution at elevated temperatures (40~45 ⁰C) [12]. The etching reaction is described as 
follows. At the cathode, 
 
- - 2
4 2
8 5 4MnO H e Mn H O
 
     (1.3) 
 
- -
4 2 2
 4  3   2MnO H e MnO H O

     (1.4) 
At the anode, 
 3 -3Ga Ga e

    (1.5) 
 
-
2 2 3
2 3 6 6As H O As O H e

      (1.6) 
 
-
2 22 3 3As H O HAsO H e

      (1.7) 
 
-
2 2 3 42 2 2HAsO H O H AsO H e

      (1.8) 
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1.3 Integration of Metallic Components with Optoelectronic Devices 
A large number of photonic structures and devices either benefit from, or require, active 
modulation of their optical response. A metal film providing a near-uniform lateral voltage 
(current) distribution represents an ideal electrical contact for such electro-optical devices. 
Unfortunately, the same free electrons that are responsible for the high DC conductivity of 
metals also dominate their optical properties, causing metals to be highly reflective at 
optical frequencies. In addition to their traditional role as electrical contacts for electro-
optic devices, metals are of increasing interest for their optical properties.  The wide and 
varied field of plasmonics, for instance, is in large part geared toward leveraging the ability 
of metal/dielectric structures to confine light to subwavelength volumes, thus enhancing 
light-matter interaction, and enabling next-generation nanophotonic devices.  However, the 
use of metals comes with a cost, as parasitic absorption of light via (ohmic) losses in 
plasmonic materials, in addition to strong reflection, limit the functionality of many 
plasmonic structures [17]. Thus, the integration of metal into any optical or optoelectronic 
structure or device, while often providing very real benefits (subwavelength confinement, 
uniform electrical contact, etc.) is almost always accompanied by absorption and reflection 
losses compromising the ultimate performance of the optical structure or device.  
Transmission of light through the smooth interface between two materials can be related 
to the change of material permittivity via the Fresnel equations. However, this simple 
relationship is violated in structured composites. All-dielectric “moth-eye” interfaces are 
known to reduce the reflectivity between two dielectric media by creating a surface layer 
with gradually changing refractive index [ 18 , 19 ]. Nanostructuring, or even simple 
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“roughening”, of semiconducting solar cell material can efficiently scatter incident 
radiation, increasing path length for light in the detector structure and acting as an anti-
reflection coating [20, 21, 22]. However, for the development of active devices, structuring 
the dielectric interface does little to enable efficient electrical contact, which requires the 
integration of (often, highly reflective) conducting material with the devices’ active 
dielectric components. As described in Section 1.2, MacEtch offers the possibility of 
fabricating semiconductor nanostructures and simultaneously burying metallic film inside 
the semiconductor substrate. Therefore, via MacEtch, it is possible to achieve efficient 
electrical contact while harnessing the benefits from semiconductor nanostructures in 
optoelectronic applications. 
In this chapter, the importance and fabrication techniques of semiconductor nanostructures 
as well as the background and mechanism of MacEtch are introduced. In addition, MacEtch 
has great potential in the integration of metallic components with optoelectronic devices. 
In Chapter 2, the fabrication details of GaAs MacEtch and the effect of temperature, acid 
dilution, oxidant concentration as well as material doping type on GaAs MacEtch will be 
discussed. 
  
8 
 
 
Chapter 2 MacEtch of GaAs 
2.1 GaAs Nanopillar Array Fabrication 
GaAs (100) substrates of different doping types and concentrations were used in the study 
including semi-insulating (SI), n-type (n = 1x1018 cm-3), p-type (p = 1x1019 cm-3) as well 
as p-i-n stack samples grown epitaxially in an atmospheric pressure metalorganic chemical 
vapor deposition (MOCVD) reactor. The p-i-n GaAs samples consist of a 300 nm thick 
undoped layer grown at 720 ⁰C on n-type substrate, followed by a 300 nm thick, heavily 
Zn-doped p-type layer grown at 600 ⁰C. A 35 nm thick Au film was deposited on top of 
the samples by electron-beam evaporation. Then the Au film was patterned by soft 
lithography (SL) patterning. The detail information about the soft lithography can be found 
in Appendix A. The resulting pattern was a Au mesh film on top of GaAs substrate with 
openings of 1x1 µm2 separated by ~550 nm. The MacEtch solution contained KMnO4 as 
the oxidant, HF as the acid to dissolved oxidized byproduct and de-ionized (DI) water. The 
MacEtched nanopillars were inspected by scanning electron microscope (SEM) [11]. 
In an effort to fabricate highly ordered and large-area GaAs nanostructures applicable to 
optoelectronic device by MacEtch, the role of dopant impurities and the influence of 
etching solution parameters were systematically investigated, including temperature, 
oxidant concentration, and HF concentration in the MacEtch of high aspect ratio GaAs 
nanopillars [11]. 
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2.2 Effect of Solution Temperature 
 
Figure 2.1 VER as a function of solution temperature. Etch rates for p-, i-, and n-GaAs samples are 
represented by red, black, and blue curves respectively [11]. 
First, the temperature dependence of the vertical etch rate (VER) for GaAs with different 
doping types was studied. MacEtch was performed in 30 ml solution containing 14.33 
mol/L HF and 1.67 g/L KMnO4 diluted by DI water for 10 min at temperatures ranging 
from 0 ⁰C to 60 ⁰C. The vertical etching rate was derived by measuring the height of the 
MacEtched pillars. As shown in Figure 2.1, from 0 ⁰C to 40 ⁰C, the VER increases as the 
temperature rises. Beyond 40 ⁰C, the VER saturates because more holes diffused away 
from the GaAs/Au interface, and the mass transport of dissociated ions was enhanced at 
higher temperature. Notably, room temperature MacEtch of high aspect ratio nanopillars 
for all doping types of GaAs was demonstrated for the first time. The VER at room-
temperature is 318 ± 9 nm/min, 132 ± 6 nm/min, and 141 ± 8 nm/min for p-, i-, and n-type 
GaAs, respectively, with negligible lateral etching. Note also that while the VER of n- and 
i-type GaAs remain comparable, p-type GaAs exhibits a higher VER under identical 
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etching conditions at all testing temperatures. This can be attributed to the inherent excess 
holes in the p-type GaAs that improve the rate of the oxidation reaction [11]. 
2.3 Effect of Acid Dilution Ratio 
Next, the effect of acid dilution on the VER is investigated. At room temperature and 
constant oxidant concentration of 1.67 g/L, the total volume of solution was fixed to 30 ml 
and the volumetric ratio of HF:DI was varied from 5:1 to 1:5.  This corresponds to a HF 
concentration ranging from 23.88 mol/L to 4.78 mol/L [11]. 
 
Figure 2.2 VER as a function of acid dilution ratio. Etch rates for p-, i-, and n-GaAs samples are 
represented by red, black, and blue curves respectively [11]. 
Figure 2.2 shows the VER as a function of volumetric HF:DI ratio. It is shown that the 
optimal (highest) VER is achieved at an acid dilution ratio of 2:1. By increasing the acid 
content in the MacEtch solution, the dissolution of oxidized material is accelerated, and 
thus the increased etching rate. However, the etching rate is reduced below a certain 
dilution level (2:1 in the current case). This can be explained by the role of DI water as a 
surfactant in III–V MacEtch. DI water can reduce the surface tension between the acid and 
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the semiconductor surface, therefore making it easier for the acid to access the oxidized 
material [11]. 
2.4 Effect of Oxidant Concentration 
Lastly, the VER as a function of oxidant concentration is plotted in Figure 2.3. The 
experiment was conducted in 30 ml solution containing 19.1 mol/L HF and DI water at 
room temperature. KMnO4 concentrations were varied from 0.025 g/30 ml (0.83 g/L) to 
0.2 g/30 ml (6.67 g/L). As can be anticipated, the VER increases monotonically with 
oxidant concentration as a result of enhanced hole generation [11]. 
 
Figure 2.3 VER as a function of oxidant concentration. Etch rates for p-, i-, and n-GaAs samples 
are represented by red, black, and blue curves respectively [11]. 
2.5 Control of GaAs Nanopillar Morphology 
In order to obtain highly anisotropic etching, the lateral etching should be eliminated. In 
30 ml MacEtch solution containing 9.55 mol/L HF and 3.33 g/L diluted by DI water, after 
30 min etching at room temperature, the resulting nanopillar array exhibits distinct lateral 
dimension reduction as shown in Figure 2.4(a). Whereas in Figure 2.4(b), after MacEtch 
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in 30 ml solution of 14.33 mol/L HF and 0.83 g/L KMnO4 diluted by DI water, the resultant 
nanopillars adopt the exact dimensions of the Au mesh film and faithfully engrave the 
pattern of the Au mesh film into the GaAs substrate. In the former case, the use of higher 
oxidant concentration causes enhanced hole generation. And the use of lower acid 
concentration leads to hole diffusion because holes cannot be consumed immediately 
underneath the Au film. Thereby, material further from the Au/GaAs interface was 
oxidized resulting in lateral dimension reduction of the nanopillars [11]. 
 
Figure 2.4 SEM images of GaAs samples after MacEtch in (a) 10 ml HF, 20 ml DI water, and 0.1 
g KMnO4 for 30 min, and (b) 15 ml HF, 15 ml DI, and 0.025 g KMnO4 for 10 min. The inset in (b) 
shows a higher magnification view of the same sample (scale bar represents 1 µm) [11]. 
In this chapter, the detailed fabrication method of GaAs nanopillar array by MacEtch was 
introduced. The effects of etching temperature, oxidant concentration and acid 
concentration of the etching solution for all three doping types of GaAs were discussed. In 
Chapter 3, the implementation of the MacEtch-fabricated GaAs nanopillar array for 
optoelectronic devices, such as LED and optical filter will be discussed. 
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Chapter 3 GaAs Nanopillar Array Fabricated by MacEtch for 
Optoelectronic Applications 
3.1 GaAs Pillar Array-Based Light Emitting Diodes (LEDs) Fabricated by 
MacEtch 
Nanopillar LED has the potential to achieve higher light extraction efficiency over its bulk 
material counterpart. Light emission from nanopillar LED is not limited by the narrow 
escape cone typical of planar LEDs [23]. Internal reflection and re-absorption are therefore 
suppressed [ 24 , 25 ]. Hence we fabricated a GaAs nanopillar LED by MacEtch to 
demonstrate the effectiveness of MacEtch in fabricating nanostructures. 
 
Figure 3.1 (a) Room-temperature EL spectra for nanopillar p-i-n GaAs LEDs (thick, solid curves) 
and planar p-i-n GaAs LEDs (thin, dashed curves) at various current levels. The inset is a cross-
sectional SEM image of the nanopillar LED device structure. (b) Plot of EL intensity as a function 
of injected current for both samples [11]. 
LED fabrication was carried out on as-etched p-i-n GaAs samples after etching away the 
Au layer on top. Then a layer of SU-8-2 resist was spun on the sample. After planarization 
by RIE, the nanopillar tips were exposed. A 250 nm thick indiumtin-oxide (ITO) layer was 
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sputtered on the exposed nanopillar tips as a transparent contact layer, followed by metal 
contact formation on both top and bottom sides. EL measurements were carried out by 
using a Renishaw inVia micro-PL system at room temperature with laser source shuttered 
and power supplied by a DC source to the device [11]. 
Figure 3.1(a) shows the room-temperature EL spectra obtained from both GaAs nanopillar 
LED (thick, solid curves) and planar (thin, dashed curves) GaAs LED samples at different 
current injection levels. The inset in Figure 3.1(a) shows a cross-sectional SEM image of 
the GaAs nanopillar LED fabricated by MacEtch, according to the processing scheme 
described above. The EL intensity as a function of the current injection level for both the 
nanopillar LED (red) and planar LED (black) are plotted in Figure 3.1(b). We can notice 
that the EL intensity from the nanopillar LED is higher than that of the planar LED at all 
comparable current levels (also indicated by the EL spectra). Moreover, the greater 
enhancement is also observed at higher current injection levels which implies better current 
spreading in the nanopillar structure. The enhanced EL intensity can be attributed to the 
light extraction improved by the nanopillar array resulting in more efficient photon escape, 
as well as the multiple scattering interactions which reduce the probability of photon re-
absorption [11]. 
The LED performance is expected to be greatly improved by optimizing the pillar size, 
spacing, and height, as well as applying surface passivation and better metal contact 
schemes. Furthermore, in order to obtain higher quantum efficiency and reduce photon re-
absorption, a double heterostructure should be used. And this requires the study of MacEtch 
of AlGaAs as well as MacEtch for GaAs/AlGaAs heterostructure.  
15 
 
3.2 Colossal Optical Transmission through MacEtch-Fabricated Buried Metal 
Gratings 
The integration of metallic components with optoelectronic devices is both essential 
(allowing electrical access) as well as of interest for a range of novel optical effects 
resulting from plasmonic, metamaterial, and subwavelength optical structures.  However, 
as discussed in Section 1.3, the integration of metal often significantly degrades the 
functionality and potential utility of the optical or optoelectronic devices under 
investigation, due to reflection or material absorption. 
In this section, the ability to integrate a metallic film with subwavelength apertures into a 
semiconductor material will be demonstrated such that transmission through the 
semiconductor substrate is not degraded, but enhanced, when compared to the bare 
semiconductor surface. 
3.2.1 Extraordinary Optical Transmission 
The optical response of reflecting structured metallic films can be modified by coupling 
the incident radiation to a special type of highly-confined electromagnetic waves supported 
by thin metal films, surface plasmon polaritons (SPPs), followed by the out-coupling of 
SPPs into the dielectric on the other side of the film.  Remarkably, the percentage of light 
transmitted through such structured metal films can exceed, at select frequencies, the 
percentage of open area in the films, a phenomenon known as extraordinary optical 
transmission (EOT), a source of substantial interest in the optics community since the 
initial demonstration of EOT nearly two decades ago [26, 27].  More recent research, aimed 
at elucidation of the origin of EOT, has provided a number of complex coupled (and 
sometimes competing) mechanisms, related to the excitation, transmission, and out-
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coupling of (i) SPPs at the two metal-dielectric interfaces and (ii) waveguide modes 
supported by the openings in the perforated metal films [28, 29, 30, 31, 32]. 
EOT structures have been touted as potential optical filters [33], and they are also of 
significant interest as hybrid electrical contact/optical couplers for optoelectronic devices. 
A metal film capable of providing an near-uniform lateral voltage/current distribution over 
the surface of a device, yet also capable of controlling, and potentially enhancing, the 
coupling of incident radiation into the device, has potential for a broad range of light-
emitting and -detecting optoelectronic devices. Such structures have been utilized for all-
optical modulation of light-matter interaction [34], active control of thin film transmission 
[35, 36, 37], and to improve light absorption in underlying photodetector structures [38, 
39, 40].  However, even without the losses from underlying active materials, passive EOT 
structures, from a purely light filtering standpoint, typically demonstrate un-normalized 
peak transmission efficiencies well below 50%, never approaching the performance of 
traditional multilayer thin film filters, especially at optical frequencies. The reason for this 
poor peak transmission is twofold, resulting from both weak coupling to the plasmonic 
structure from free space, as well as losses in the metal itself (more problematic at shorter 
wavelengths, where the excited surface modes are more tightly bound, and thus interact 
more strongly with the metal film) [41]. 
In this thesis, an optical architecture was experimentally demonstrated which allows for 
the integration of a 30 nm-thick nanostructured metal (gold) film into a high-index 
semiconductor (GaAs) material and which can exhibit transmission exceeding that of a 
smooth air-semiconductor interface. 
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3.2.2 Sample Fabrication by MacEtch 
The B-EOT structures were fabricated by MacEtch of double-side polished semi-insulating 
(SI) GaAs (100) substrates. MacEtch is a wet but directional semiconductor (e.g. Si, SiGe, 
GaAs, InP, GaN, etc.) etching technique which involves a thin layer of noble metal (e.g. 
Au, Pt, etc.) acting as a catalyst to guide the etch process in a solution that usually consists 
of an oxidant (to generate holes) and an acid (to remove the oxidized species) [42, 43, 44]. 
Under controlled etch conditions, only the semiconductor material directly underneath the 
catalyst metal is removed. This results in the catalyst metal being “engraved” or “buried” 
into the semiconductor, leaving behind a 3D semiconductor pattern that is complementary 
to the metal pattern. The sidewall roughness of MacEtch-produced semiconductor 
structures is largely determined by the catalyst metal pattern edge roughness. The sidewall 
verticalness is affected by competing etching processes when mass transport of the 
oxidized species is limited. Details of the MacEtch mechanism, characteristics, and 
applications can be found elsewhere [1, 9, 13, 14, 45] as well as in Chapter 1. All samples 
were initially cleaned with a diluted HCl solution to remove the native oxide in order to 
ensure an intimate contact between the deposited Au film and the underlying GaAs, critical 
to the uniformity and effectiveness of the MacEtch process. Following the oxide etch, a 30 
nm-thick Au film was deposited across the entire sample surface by e-beam evaporation, 
after which a layer of SU-8 (thickness ~5 µm) is spun over the Au. Polydimethylsiloxane 
(PDMS) stamps, consisting of a two-dimensional (2D) array of holes with periodicities Λ 
= 0.77 μm and Λ = 1.75 μm, were used to pattern the Au film by soft lithography.  The 
periodic patterns on the PDMS stamps were transferred to the SU-8 coated samples by 
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manually pressing the stamps against the samples, followed by a cure at 95 ℃, leaving a 
SU-8 film with a 2D periodic array of apertures.   
 
Figure 3.2 Schematic of a traditional extraordinary transmission grating (a) before and (b) after the 
MacEtch process. (c) 45° tilted view scanning electron microscope (SEM) image of a MacEtch-
fabricated buried-EOT grating with Λ = 1.75 μm, D = 1.2 μm, and h = 0.77 µm. Experimental 
set-up for linearly polarized, angle-dependent transmission experiments. 
After etching of the exposed Au film using TFAC Au etchant through the SU-8 etch mask, 
the SU-8 is stripped from the sample leaving an Au film with a periodic hole array on the 
GaAs substrate. The MacEtch process was then performed using a solution containing 
KMnO4 (0.025 g) and HF (15 ml) diluted by de-ionized water (15 ml) [11, 12], etching 
only the material under the patterned Au film at an etch rate of approximately 118 ± 10 
nm/min as measured by SEM.  Controlling etch time effectively allows the Au to “descend” 
through the underlying semiconductor substrate, leaving the “extruded” GaAs pillars 
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extending through the apertures in the Au film, as shown in Figure 3.2(a), (b) and (c).  The 
resulting diameter and period of the GaAs pillars are controlled by the geometry of the 
patterned Au hole array, now “buried” at the base of the GaAs pillars following the 
MacEtch process, with the height of the GaAs pillars determined by the duration of the 
MacEtch. 
3.2.3 Transmission Measurements 
The transmission properties of the fabricated samples were characterized using a Bruker 
Vertex70 Fourier transform infrared (FTIR) spectrometer in an experimental setup shown 
schematically in Figure 3.2(d). Collimated light from the FTIR’s broadband internal glo-
bar was focused using an 8” focal length, 2” diameter ZnSe lens onto the sample, held 
outside the FTIR on a brass mount with a 2 mm diameter aperture, and with the aperture 
array’s principle axes in the horizontal (1,0) and vertical (0,1) directions, as shown in 
Figure 3.2(d). Light transmitted through the sample was collimated and refocused onto a 
liquid nitrogen-cooled HgCdTe (MCT) detector using a pair of  2” diameter, 3” focal length 
ZnSe lenses. The sample itself is mounted on a rotational stage with a principle axis of the 
2D array aligned to the rotational axis of the stage to enable angular-dependent 
transmission measurements. A holographic wire grid polarizer was inserted between the 
first focusing lens and the sample, allowing for horizontally or vertically polarized incident 
radiation, corresponding to TM or TE polarization, respectively. Transmission spectra as 
function of angle were taken for angles from 0° to 30° for both TM and TE polarized light. 
All transmission spectra are normalized to transmission through the experimental system 
with no sample on the mounting plate, providing an absolute transmission spectra for the 
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fabricated samples. Transmission spectra through an unpatterned SI GaAs wafer were also 
collected, and are shown for comparison. 
3.2.4 Modeling and Simulation 
The fabricated structures were modeled using a 3D RCWA approach. This technique, 
originaly introduced in [46] and further expanded in [47], takes explicit advantage of the 
periodicity of the B-EOT structure, imposing a Bloch-wave-periodicity condition on the 
fields. Explicitly, each planar region of the multilayer system (air, GaAs pillars in air, GaAs 
pillars in metal, homogeneous GaAs) is considered separately.  For the simulations 
presented in this thesis, the following material parameters were used: 10.89GaAs   and 
2
2
p
Au B
i


 
  
 
, with 9.5B  , 
161.3597 10p    Hz, and 
141.0486 10    Hz.   
 The elecromagnetic field inside each region is represented as  
    , , , exp  zE H E H x y i q ik z       (3.1) 
where ?̂? corresponds to the direction normal to the layered system. Substitution of (3.1) 
into Maxwell’s equations yields an eigenvalue-like problem. Each solution to this problem 
describes an individual electromagnetic mode, with an eigenvalue representing the mode's 
propagation constant 𝑘𝑧, which describes the evolution of the field along the ?̂? direction, 
and the eigenvector representing the field distribution across the unit cell. The 
electromagnetic field inside the system is then represented as a linear combination of the 
modes. At the final stage of the RCWA process, the amplitudes of the modes in each layer 
are related to the amplitudes of the modes in the neighboring layers; our implementation 
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of RCWA [48] enforces the continuity of the tangential components of the E, H fields to 
calculate modal amplitudes. 
Our 3D RCWA technique was used to analyze the transmission, reflection, and absorption 
of the B-EOT structures described in Section 3.2.2. The normal vector method was used to 
improve the convergence of in-plane components of the electric and displacement fields in 
the RCWA formalism [49].  The electromagnetic fields are represented a finite Fourier 
series of the fields’ modal amplitudes,  
    , , , ( , ) exp  
N M
nm nm
n N m M
E H x y z E H i k x
 
     (3.2) 
where n and m are the Bloch indices of the modes. The Fourier representation suffers from 
Gibbs’ phenomena at discontinuities in the permittivity. Lanczos’ σ-factors were 
introduced to attenuate Gibbs phenomena in the reconstruction of the fields and improve 
the convergence of the Fourier series. The addition of the Lanczos’ σ-factors alters the field 
reconstruction, 
      
1 1
1 1
, , , , exp  
N M
nm nm
nm
n N m M
E H x y z E H i k x
 
   
     (3.3) 
where 𝜎𝑛𝑚 = sinc(𝜋𝑛/𝑁)sinc(𝜋𝑚/𝑀) are Lanczos’ σ-factors [50, 51]. 
3.2.5 Results and Discussion 
Normal incidence transmission spectra for B-EOT samples with array period Λ = 1.75 μm, 
hole diameter D = 1.2 μm, and pillar heights ranging from h = 0-1000 nm are summarized 
in Figure 3.3.  
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Figure 3.3 (a) 3D RCWA simulations and (b) experimental normal incidence transmission spectra 
for B-EOT structures with Λ = 1.75 μm and diameter D = 1.2 μm, for varying etch depths (h). 
The unetched sample (h = 0 nm), corresponding to a traditional EOT grating, is shown in black. 
The transmission through an unpatterned SI GaAs wafer is also shown for comparison (dashed 
grey). Scanning electron micrographs of individual pillars from the samples with spectra shown in 
(b), having etch depths of (c) h = 0 nm, (d) h = 200 nm, (e) h = 500 nm, (f) h = 650 nm, (g) h = 700 
nm, and (h) h = 1000 nm. All SEM images are taken at a 45° tilt. 
The transmission spectra corresponding to h = 0 nm exhibit the Fano-type response 
characteristic of EOT gratings [26, 52, 53, 54]. The spectral positions of the (1,0) and (1,1) 
EOT resonances at λ1,0 = 5.76 μm  and λ1,1 = 4.07 μm  (Figure 3.3a) correspond to 
coupling of light into propagating SPPs at the GaAs-metal interface through the lowest 
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diffraction orders of the grating formed by the B-EOT structure. As the pillar height h is 
increased (as the EOT grating is buried deeper into the substrate), the transmission 
spectrum changes dramatically, with a marked increase in the transmission peak’s long-
wavelength tail. This effect is most clearly seen in the numerically calculated transmission 
shown in Figure 3.3(a), with predicted peak transmission reaching ~90% at 7μm  , an 
increase in transmission of almost 20% when compared to the bare, smooth GaAs-air 
surface. The experimental data show very similar results, with a narrow transmission peak 
of ~40% for the un-etched EOT sample and a broader transmission peak, reaching ~65% 
for the 650 nmh   and 700 nmh   samples. As in the numerical solutions of Maxwell’s 
equations, the peak experimental transmission through the B-EOT sample is larger than the 
transmission through the bare GaAs wafer at the same wavelength. In this sense, the B-
EOT structure, despite covering ~50% of the sample surface with metal, acts as an anti-
reflection coating over a reasonably broad range of the mid-infrared. 
The experimental results clearly follow the spectral trends predicted by the numerical 
solutions of Maxwell’s equations. However, there is some quantitative discrepancy 
between the experimental and theoretical data. Most obviously, the magnitude of the 
experimental transmission is somewhat less than that predicted by simulations. This result 
is likely related to a combination of optical absorption in the GaAs substrate, and 
reflection/scattering from the back wafer/air interface, since experimental transmission 
through the bare GaAs wafer is ~15% smaller than that predicted by theoretical calculations. 
More subtly, there is also a slight spectral shift between the experimental and simulated 
transmission spectra. The likely reason for this shift is the variation of geometry of the 
sample between calculations and experiments. All calculations assumed idealized 
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geometry with cylindrical pillars and the same lateral dimensions for the metal mesh, in 
order to best isolate the effect of changing pillar height h. In fabricated samples, however, 
the sample geometry evolves throughout the MacEtch process. Most notably, a shift in the 
periodicity of the metal mesh is observed (from 1.65 μm   to 1.75 μm  ) between the 
un-etched EOT sample and all of the MacEtched samples, accounting for the blue-shift of 
the experimental EOT transmission spectra when compared to the etched samples. This 
effect is a result of a resizing of the Au mesh upon initiation of the MacEtch process and 
has been observed in previous MacEtch work [11, 12]. Finally, the distinct spectral features 
observed in the simulated transmission spectra resulting from SPP coupling (i.e the strong 
dip at 5.5 μm  ) are significantly weaker in the experimental data for the deeper-etched 
samples, an effect resulting from the non-uniformity in individual pillar width, and between 
pillar heights, associated with longer etch times. 
Angular dependent transmission data for two different samples (Λ = 0.77 μm, D = 0.5 μm 
and h = 0.5 μm, and Λ = 1.75 μm, D = 1.2 μm and h = 0.7 μm) are shown in Figure 3.4 and 
Figure 3.5 for both TE and TM polarized light, respectively. As can be seen in Figure 3.4(a) 
and Figure 3.5(a), the TE-polarized transmission peaks for each sample remain reasonably 
large and (spectrally) stationary for incidence angles up to 30º, with the dips in the spectrum 
associated with (0,1) SPP coupling remaining fixed in position and magnitude (as would 
be expected for incident light with unchanging momentum in the direction of SPP 
propagation). Splitting in the (1,1) SPP-coupling feature is observed for the TE spectra, as 
non-normal incident TE-polarized light will have a varying momentum component in the 
(1,1) directions with increasing incidence angle. 
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Figure 3.4 Comparison of TE (a, b) and TM (c, d) transmission as a function of the incident angle 
for angles from θ = 0° to θ = 30°. The sample under test has period Λ = 0.77 μm, diameter D = 0.55 
μm, and pillar height h = 500 nm. (a) and (c) are experimental results, (b) and (d) are simulation 
results. 
The TM polarized data (Figure 3.4c and Figure 3.5c) differ from the TE data in two 
significant regards. First, as the sample is rotated away from normal, we see a weakening 
in the transmission dips associated with SPP-coupling, as would be expected for incident 
light with momentum components in the direction of SPP propagation, which will lift the 
wavelength degeneracy of the positive and negative propagating (1,0) and (1,1) SPPs 
excited at the Au/GaAs interface.  More interestingly, we also see the appearance of a 
strong dip in the center of each sample’s primary transmission peak, which grows in 
magnitude as the incidence angle increases.  RCWA simulations for each sample for both 
TE-polarized (Figure 3.4b and Figure 3.5b) and TM-polarized (Figure 3.4d and Figure 3.5d) 
incident radiation largely agree with experimental data. 
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Figure 3.5 Comparison of TE and TM transmission as a function of incident angle for angles from 
𝜃 = 0° to 𝜃 = 30°. The sample under test has period Λ = 1.75 μm, diameter D = 1.2 μm, and 
pillar height h = 700 nm. (a) and (c) are experimental results, (b) and (d) are simulation results for 
TE- (a, b) and TM- (c, d) polarized incident light.  Contour plots of simulated local Poynting flux 
for (e)  𝜃 = 0° and (f) 𝜃 = 30° at λ = 7.1 μm, with lines showing Poynting vector field lines. 
The results from our 3D RCWA simulations of the fabricated B-EOT structures offer 
insight into both the primary finding of this B-EOT structure (namely the strongly 
enhanced transmission seen with increasing pillar height) and the spectral anomalies 
observed in our angular-dependent transmission (strong dips in TM-polarized  transmission 
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with increasing angle).  Our models suggest that the high reflectivity of the planar GaAs-
Air and metal-Air interfaces is modulated through coupling of light into waveguide-type 
modes supported by the pillar arrays. Figure 3.5(e) shows the local Poynting flux (color 
scale) and Poynting vector field lines for normal incidence light at λo = 7.1 μm, indicating 
strong transmission is associated with coupling into the dielectric pillar. Figure 3.5(f) 
illustrates the resonant coupling of incident energy into surface modes that dominates 
transmission dip at oblique (30o) incidence at the same wavelength. 
 
Figure 3.6 Plot of simulated peak transmission (λo = 7.1 μm) through B-EOT structure (period 
Λ = 1.75 μm, diameter D = 1.2 μm) as a function of pillar height (h).  Insets show cross-sectional 
field profile inside the pillar for (left) the z-component of the Poynting vector and (right) the in-
plane (arrows) and z- (color) components of the magnetic field.   
Figure 3.6 shows the simulated transmission, at normal incidence, for fixed wavelength 
λo = 7.1 μm, as a function of pillar height. It is clearly seen that transmission oscillates 
with typical period Δℎ ∼ 1.9 μm. Analysis of propagating modes supported by a layer of 
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periodic dielectric pillars suggests that the transmission of light through this layer is 
dominated by modes with propagation constant 𝑘𝑧
𝑚 ≃ 1.6 μm−1; note that Δℎ ≃ 𝜋/𝑘𝑧
𝑚. 
This fact further confirms that the observed transmission of light through the structured 
composite is in fact related to in-coupling of incident radiation into these modes. The insets 
of Figure 3.6 illustrate the behavior of light in the above mode, showing the z-component 
of Poynting flux (color scale) and the distribution of magnetic field across the unit cell. 
Note that the latter is extremely similar to the field profile of the plane wave, explaining 
the relatively easy coupling of light incident from free-space into the pillar array. On the 
other hand, the majority of energy flux is funneled into the dielectric pillar, thus assisting 
the transfer of this energy through the metal mesh at the interface between the pillar array 
and the homogeneous GaAs substrate.   
Unlike a traditional EOT grating, where peak transmission can be thought of as an 
interference maximum associated with light directly transmitted through the arrayed 
apertures and light scattered from surface modes, the transmission peak in our B-EOT 
samples results from efficient avoidance of coupling to SPP modes. Such coupling cannot 
be avoided for all wavelength/angle/polarization combinations. As a result, the narrow-
band angle-dependent transmission minima appear at higher angles along with the broader 
anti-reflection (enhanced transmission) background. These minima are associated with the 
coupling of light into SPP waves supported by the metal-GaAs interface, as evidenced by 
the inset in Figure 3.5(f), showing the local Poynting flux and vector field lines for 30o 
incidence angle light at λo = 7.1 μm.  The spectral position of this minimum depends on 
the geometrical parameters of B-EOT structures. In our simulations, we modeled the nano-
pillars as a Lamé curve, |𝑥|𝑁 + |𝑦|𝑁 ≤ 𝑅𝑁, keeping the ratio of pillar “diameter” to the 
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unit cell size constant. When the pillars have circular cross-section (N = 2) the spectral 
position of SPP-transmission minimum is given by diffraction theory: 
       ,
2 2 2 2
 sin sinAu GaAsm n i i GaAs i
Au GaAs
n
m n m n
 
   
 
  
 
   
  (3.4) 
where m,n give the order of the diffracted mode in two dimensions and 𝜃𝑖 is the angle of 
incidence, from normal. As the shape of the pillar becomes more square-like (N > 2), and 
as a larger percentage of the unit cell is occupied by the dielectric, the position of the SPP-
related minimum red-shifts and becomes less dependent on the incident angle. In this case, 
the coupling to the lowest order SPP appears as a nearly spectrally stationary dip. 
Reproducing the sharp, square features of our lithography mask in our metal film becomes 
more difficult with decreasing feature size, an effect that turns squares into quasi-circles 
with decreasing Λ. Thus, our Λ = 1.75 μm samples have almost square openings, 
approximated here as Lamé curves with N ≃ 6 (see Figure 3.6 for the shape outline), while 
the Λ = 0.77 μm samples have almost-circular openings (N ≃ 2).  As expected, our larger 
period samples show TM-polarized transmission dips which remain nearly spectrally 
stationary with increasing angle (Figure 3.5c) while the same dip, in our smaller period 
sample shows a continuous red-shift with increasing angle (Figure 3.4c). 
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Chapter 4 Conclusion and Future Work 
4.1 Conclusion 
MacEtch as a wet anisotropic etching technique is very promising in fabricating high aspect 
ratio semiconductor nanostructures with less surface damage. GaAs MacEtch has been 
achieved to produce highly ordered, large-area nanopillar arrays with controlled pillar 
morphology. The influence of temperature, acid concentration, oxidant concentration as 
well as material doping type on MacEtch has been systematically studied. GaAs nanopillar 
based LEDs with axial p-i-n junctions fabricated by room-temperature MacEtch are 
demonstrated. From room-temperature electroluminescence (EL) characterization, it is 
found that the MacEtched p-i-n GaAs nanopillar LEDs exhibit enhanced optical emission 
compared to their planar counterpart. 
The MacEtch process was also used to fabricate buried extraordinary optical transmission 
gratings, metallic films with periodic arrays of subwavelength apertures buried into a high-
index semiconductor material. The fabricated structures offer not only the uniform 
electrical contact expected from continuous metallic thin films, but perhaps more 
importantly, the potential for a significant enhancement of optical transmission, when 
compared to a bare, high-index semiconductor surface. B-EOT structures are fabricated 
and experimentally characterized using FTIR transmission spectroscopy, demonstrating 
transmission as large as 65% (uncorrected for substrate losses and scattering) from a 
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structure where metal film covers ~50% of the sample surface. The fabricated structures 
were modeled using 3D RCWA with good agreement to our experimental data. In addition, 
the model allows for a fundamental understanding of the dielectric pillar-mediated 
transmission enhancement, as well as additional spectral features observed in the angle-
dependent transmission experiments. Typically, the integration of metallic structures with 
semiconductor materials and/or optoelectronic devices requires a trade-off between 
efficient electrical contact (metal coverage) and optical coupling to free space (open, metal-
free surface).  The structures presented here, however, realize efficient, low-loss integration 
of metallic films with high-index semiconductor materials, offering the opportunity for 
next generation optoelectronic sources and detectors with efficient electrical and optical 
access. 
4.2 Ongoing and Future Work 
One of the most creative and important findings in this thesis is the B-EOT structure which 
not only exhibits significantly enhanced optical transmission but also enables polarization 
and angular and spectral selectivity. Therefore, the enhanced sensitivity and selectivity of 
the B-EOT could bring many benefits to applications such as photodetectors and image 
sensors. As a matter of fact, application of EOT gratings have already been proposed and 
demonstrated in photodetectors and image sensors [39, 55]. However, the relatively low 
transmission through the metal film prevents the EOT gratings from achieving outstanding 
performance in photodetectors and image sensors. Thus, as shown in Figure 4.1, an 
innovative design of a photodetector based on the B-EOT structure was proposed in this 
thesis. Preliminary results will be discussed as follows. 
32 
 
 
Figure 4.1 Schematic of the B-EOT nanopillar photodetector. 
The B-EOT nanopillar photodetector design utilizes the as-MacEtched GaAs substrate 
which comprises an epi-grown p-n junction on the top. The detail processing method has 
already been introduced in Chapter 2. As illustrated in Figure 4.1, the Au mesh film is 
buried very close to the depletion region of the p-n junction such that the localized 
enhanced fields are very close to the active region of the photodetector. Nanopillar 
photodetector that is enhanced by EOT grating has been demonstrated by Pradeep 
Senanayake et al. in 2012 [56]. However, in their design, the localized enhanced field is 
far from the active region of the photodetector, hence it impedes the performance of the 
photodetector. The B-EOT nanopillar photodetector design not only has the potential to 
enhance the photodetector performance by having more light transmitted through the metal 
film and focused close to the active region, but also has the advantage of being a very 
simple process which forms the metal mesh film and nanopillar array simultaneously by 
only one wet etching step. Moreover, the metal mesh film on the top can also serve as the 
top electric contact which further simplifies the fabrication. 
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From Equation (3.4), for an active region made of GaAs, the period of the metal mesh film 
that can make the effective wavelength range of the photodetector falls into the GaAs 
bandgap should be much smaller than 500 nm. The fabrication of the B-EOT structure with 
the period of the nanopillar array less than 500 nm is also studied in this thesis. 
As can be found in Chapter 2, prior to the MacEtch process, wet etching of the soft-
lithograpy patterned Au film will result in holes with rough rims. As the period and the 
diameter of the nanopillar shrink down to less than 500 nm, the roughness of the Au mesh 
film is no longer tolerable because it can significantly change the periodicity of the Au 
mesh film, and thus the effective wavelength range of the B-EOT grating. So a new 
patterning technique, focused-ion-beam (FIB) patterning, was used to pattern Au mesh film 
with a very small period and diameter. In the FIB patterning process, a finely focused beam 
of gallium ions hits the specimen surface so that the material can be removed by sputtering. 
Therefore, the FIB system allows precision milling or patterning of the specimen in 
nanometer scale [57]. 
In the FIB patterning process, first, 3 nm of Ti and 15 nm of Au were deposited on the 
GaAs substrate. The FIB milling pattern was defined by a preloaded 24-bit RBG bitmap 
file. The bitmap file consists of a 200×200 array of dots with a diameter of 230 nm and a 
period of 400 nm. Then the sample was patterned under the following milling conditions 
in parallel mode: 
 Milling depth Z: 40 nm 
 Ion beam current: 0.23 nA  
 Dwell time: 1 us  
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The milling process was then manually stopped after 1 minute 30 seconds. After the FIB 
patterning, the sample is etched in a solution containing 15 ml DI water, 15 ml HF and 
0.025 g KMnO4 for 5 minutes. 
  
Figure 4.2 SEM images of GaAs nanopillar array fabricated by FIB-patterned MacEtch. 
Figure 4.2 (a) shows a very uniform MacEtch across the 80 µm × 80 µm patterned area. 
The resultant nanopillars, as can be seen from Figure 4.2 (b), adapt the same diameter and 
period of the metal mesh film patterned by FIB. The height of the nanopillars is about 1 
µm. And due to the small diameter, some of the nanopillars show bending in random 
directions. The roughness at the tip of the nanopillars is a result of the bombarding of the 
ion beam. 
The preliminary results shown in Figure 4.2 demonstrate that MacEtch of small-dimension 
(less than 500 nm), closely packed structures is feasible via FIB patterning. This enables 
the possibility of applying B-EOT structures in real optoelectronic devices. In order to 
demonstrate the B-EOT nanopillar photodetector design shown in Figure 4.1 in the future, 
device simulation by FDTD or 3D RCWA is needed to determine the diameter, period and 
height of the nanopillar array. Design and fabrication of both the front and bottom contact 
also need to be accomplished in future work.   
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Appendix Soft Lithography Patterning 
An emerging nanoscale patterning technique, soft lithography, has been widely used for 
patterning two- and three-dimensional structures with nanoscale features by using 
elastomeric stamps, molds, and conformable photomasks. The powerful patterning 
capabilities as well as the experimental simplicity of soft lithography make it a very 
promising patterning technique in both research and industry applications [58]. 
In this thesis research, as described in Chapter 2 and Chapter 3, soft lithography has been 
used to pattern the Au-coated GaAs substrate prior to the MacEtch process. The detailed 
fabrication sequence will be introduced as follows. 
1. Two hot plates are needed. Set the temperature of the two hot plates to 65 oC and 95 oC 
respectively. 
2. Degrease and cleave the sample into the desired size (should be larger than the area of 
the PDMS stamp). 
3. Use either the manual or the automatic spinner to spin the diluted SU-8 (8%) solution 
onto the surface of the sample.  
Recommended speed and duration   
Step 1: 1000 RPM for 10 seconds 
Step 2: 5000 RPM for 60 seconds 
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4. Soft bake. Put the post-spin-coating sample on the 65 oC hot plate for 1 minute and 
then another 1 minute on the 95 oC hot plate. 
5. Gently rinse the PDMS stamp with methanol and dry it with an N2 gun. (The PDMS 
stamp should be attached to a microslide. If not, attach it to a microslide beforehand.) 
6. Put a microslide on the 95 oC hot plate, and wait until the microslide reaches the same 
temperature as the hot plate surface. 
7. Put the sample on the microslide on top of the hot plate and press the PDMS stamp 
against the sample for 2 minutes. 
8. While the stamp and the sample are still attached, take them away from the hot plate 
and put them onto a flat surface of room temperature (e.g. another microslide on the 
countertop of the hood). Keep pressing the PDMS against the sample for another 30 
seconds. 
9. Detach the sample from the PDMS stamp. Rinse the PDMS stamp with methanol and 
dry it with the N2 gun.  
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